I. INTRODUCTION
Intermediate band solar cell (IBSC) has recently drawn a lot of attention due to its reported theoretical efficiency limit of 63.2% under radiative recombination and maximum light concentration [1] . Self-assembled InAs quantum dot (QD) arrays fabricated by molecular beam epitaxy (MBE widely studied as a building block to create the IB in the GaAs host material [2] . For an InAs/GaAs QD cell, (here, GaAs) is one of the most significant cost contributors to the overall system. The cost of these cells could potent reduced through the realization of an ultra-thin film by removal and re-use of the expensive substrate using the epitaxial lift-off (ELO) method [3] . Recently Bennett et al [4] reported successful fabrication of ELO based InAs/GaAs strain-balanced quantum dot (QD) solar cells, an enhanced sub-GaAs bandgap current collection extending into the near infrared wavelength beyond 900nm
In this paper, we report the fabrication of InAs/GaAs QD cell by applying the ELO approach to the GaAs substrate. Except the enhanced sub current collection(~0.16mA/cm 2 ) from 900nm and beyond, we confirmed significant current collection enhancement (~0.91mA/cm 2 ) in ELO-InAs QD cell within the wavelength range of 700nm~900nm. We also confirmed the cavity effect is able to increase both the short circuit current and open voltage. The electrical field intensity absorption behavior inside the ELO induced was analyzed in detail by finite-differential time of current collection in epitaxial lift-off InAs/GaAs solar cell and concentrated photovoltaic study recently drawn a lot of attention due to its reported theoretical efficiency limit of 63.2% under radiative recombination and maximum light assembled InAs quantum dot (QD) arrays fabricated by molecular beam epitaxy (MBE) have been widely studied as a building block to create the IB in the GaAs InAs/GaAs QD cell, the substrate (here, GaAs) is one of the most significant cost contributors to the overall system. The cost of these cells could potentially be thin film solar cell use of the expensive substrate using the Recently Bennett et al [4] reported successful fabrication of ELO based InAs/GaAs balanced quantum dot (QD) solar cells, which exhibited GaAs bandgap current collection extending wavelength beyond 900nm. In this paper, we report the fabrication of a thin film ELO approach to the Except the enhanced sub-GaAs bandgap ) from 900nm and beyond, we confirmed significant current collection enhancement InAs QD cell within the wavelength 0nm. We also confirmed the resonance cavity effect is able to increase both the short circuit current
The electrical field intensity and the ELO induced resonance cavity ifferential time-domain (FDTD). We also performed concentrate photovoltaic study and analyzed the effect of intermediates states on performance of ELO-InAs QD cell.
II. EXPERIMENTAL
The ELO approach used here is [3] and the detailed mechanism of the etch found in literature [5] . Epilayers for both GaAs control cell and InAs/GaAs QD cells were fabricated by adopting a cell structure on a n-type GaAs(100) substrate using have prepared four samples: the GaAs control cell and InAs/GaAs QD cells fabricated on GaAs control cell and ELO InAs/GaAs QD cell. ELO-InAs QD cell structure is shown in Fig.1 . Dev procedures were similar to the ones reported before current-voltage (I-V) and external quantum efficiency (EQE) of the samples were measured at room tem characterizations were performed for the samples withou reflection coating. Fig.2a shows the external quantum efficiency (EQE) measurement results for the ELO-GaAs control cell and ELO InAs QD cell. It is clearly seen here that QD cell showed extended spectral response in the wavelength range beyond 900nm, which is the absorption edge for GaAs control cell correspond to current collection under condition of AM1.5 and 1sun. performed concentrate photovoltaic study and analyzed the effect of intermediates states on the EXPERIMENTAL ch used here is similar as reported before detailed mechanism of the etching process can be yers for both GaAs control cells and InAs/GaAs QD cells were fabricated by adopting a p-i-n type GaAs(100) substrate using MBE. We the GaAs control cell and InAs/GaAs QD cells fabricated on the GaAs substrate; ELO InAs/GaAs QD cell. The sketch of InAs QD cell structure is shown in Fig.1 . Device e ones reported before [6] . The external quantum efficiency (EQE) the samples were measured at room temperature. All characterizations were performed for the samples without anti-DISCUSSION xternal quantum efficiency (EQE)
III. RESULTS AND DISCUSSION
GaAs control cell and ELOIt is clearly seen here that QD cell showed response in the wavelength range beyond absorption edge for GaAs control cell, to current collection ~0.16mA/cm 2 converted under condition of AM1.5 and 1sun. The extended spectral ELO-InAs QD cell structure.
978-1-4799-4398-2/14/$31.00 ©2014 IEEEresponse is due to the light absorption via the InAs QD states, which is consistent with the results reported before [4] . In addition, it is noticed from Fig.2a that there exist different spectral responses at shorter wavelengths: 400nm ~ 900nm. From 400nm to 700nm, which is mainly corresponding to the emitter absorption, we found the spectral response is lower in ELO-InAs QD cell when compared to the control cell. We have attributed the reduced spectral response to the absorption loss caused by incomplete etching of the GaAs contact layers during device processing of ELO-InAs QD cell. However, contrary to the lower spectral response between 400nm to 700nm, the ELO-InAs QD cell showed much higher intensities of spectral response from the wavelength of 700nm to 900nm, which corresponds to current collection ~0.91mA/cm 2 converted under condition of AM1.5 and 1sun. This is, to our knowledge for the first time, the report of the current collection enhancement within this wavelength window. The multiple resonance peaks in the EQE spectra are due to the Fabry-Perot interference and will be analyzed in detail later in the FDTD simulation.
We also performed I-V measurement for the four samples and the results are shown in Fig.2b . We found the ELO-GaAs control cell presented the best performance among the four samples. Comparing to the GaAs control cell on the substrate, ELO-GaAs control cell showed that the short circuit current (I sc ) has increased more than 1.5mA/cm 2 and open voltage (V oc ) has increased about 0.02V. The extra current and voltage gain observed in ELO-GaAs cell here demonstrates the effectiveness of applying ELO technique to not only reduce the device cost but also to further boost cell efficiency. We must mention here that the ELO-InAs QD cell showed quite poor I sc , which we believe is mainly due to the imperfect etching of the GaAs contact layer, as revealed in the EQE measurement in Fig.2a . Improved etching process will enable the ELO-InAs QD cell to show comparable spectral response to ELO-GaAs cell at the wavelength range between 400nm-700nm. The enhanced spectral response, especially the one confirmed here from 700nm to 900nm in ELO-InAs QD cell, is expected to be in favor of generating much higher I sc than ELO-GaAs control cell. We will present the updated I-V and EQE results of the ELO-InAs QD cells on the day of the conference.
In order to get deeper insight on optical interference inside the resonance optical cavity and to reproduce the multiple resonant peaks observed in the ELO thin film cells, FullWAVE TM (RSoft Design Group, Inc.) is used to calculate electromagnetic field as a function of time and space in response to a given excitation. FullWAVE TM is based on the finite difference time domain (FDTD) method and on the Yee's mesh. Our FDTD simulation model included device structure of the GaAs solar cell with truncated-InAs QD embedded and Au back mirror. Light absorption in the GaAs region and InAs QD region were calculated. The optical absorption coefficient of InAs QD was calculated using Fourier transformed 8-band ݇ · ‫‬ method [6] . Fig.3a shows the electric field distribution inside the GaAs slab and around the InAs QD region. The light is trapped due to the absence of absorption in GaAs over 900 nm. The light trapping creates interferences that enhance the electric field. For this reason, the maximum in the amplitude bar exceeds 1. The field around InAs QD shows that the field is modified around the QD indicating that the enhanced electric field has induced enhanced absorption in the QD. Fig.3b shows the comparison between the simulated multiple Fig.1 resonance peaks and the experimental results. The positions of peak maxima (labeled by arrow) showed good agreement between the simulation and the experimental results for the ELO InAs QD cell at the absorption region between 900-1150nm.
The absorption between 700nm and 900nm for both ELO GaAs control cell and ELO InAs QD cell were simulated in more detail. Fig.4a shows the experimental spectral response results for the two ELO cells. It can be seen that ELO-InAs QD cell exhibited much larger spectral response, corresponding to an increase of ~0.91mA/cm 2 when compared to the ELO control cell. Fig.4b showed simulated results of the absorption inside the GaAs slab and the InAs QD region. We confirmed that the FDTD results based on ELO-InAs QD model showed much stronger absorption than the ones of ELO-GaAs control cell model. We also found the anti-phase of the multiple interference peaks between the InAs QD cell and GaAs control cell found in the experiment were reproduced in the simulation results (see the position of the arrows). It is interesting to notice here that the enhanced absorption in the FDTD simulation for ELO-InAs QD cell actually started from 400nm as shown in the inset of Fig.4b . This indicates that current collection in ELO-QD cell can be further improved potentially and the maximum enhancement can be larger than ~0.91mA/cm 2 . More detailed contents regarding this issue will be presented in the conference.
At last, we present the concentrated photovoltaic I-V measurements for the ELO InAs QD cell under different concentration ratio X and the results are shown in Fig.5a . For ELO-InAs QD cell, we have reached the highest efficiency of 10.0% under 52 suns. The fill factor dropped dramatically after the concentration ratio went beyond 100suns (see the orange and blue lines in Fig.5a ). We attributed the efficiency reduction at high concentration to the non-optimized electrodes used in this study. We are currently working on the new electrodes fabrication, which is able to be operated properly at more than 500suns. Fig.5b shows the dependence of V oc on X. As a reference, we also plotted the calculated V oc (X)~X for ideal single junction solar cell (black line): Vocሺܺሻ ൌ ሾVocሺ1‫݊ݑݏ‬ሻ 0.025 lnሺܺሻሿ . It is seen here that there exists two different increase rates of dV oc (X)/dX in ELO-QD cell: an accelerated increase rate region (green line) when X is blow 100suns and a staggered increase rate region (red line) when X is above 100suns, The staggered increase rate resembles the increase rate of the ideal single junction solar cell (black line). The two increase rates obtained here is in good agreement with the theoretical calculation involving typical feature of intermediate band [7] , indicating that the intermediate band is functioning well in the ELO-InAs QD cell [7] . More detailed discussion regarding this aspect will be presented in the conference.
IV. CONCLUSION
We have fabricated ELO based thin film InAs QD cell. We found that except the enhanced sub-GaAs bandgap current collection(~0.16mA/cm 2 ) beyond 900nm, we confirmed significant current collection enhancement (~0.91mA/cm 2 ) in ELO-InAs QD cell within the wavelength range of 700nm~900nm. FDTD simulation was performed and the resonance peaks in EQE were well reproduced by calculating the electric field distribution in the Fabry-Perot resonance cavity. At last we performed concentrate photovoltaic study on ELO-InAs QD cell and found the intermediate band is functioning well in the ELO-InAs QD cell. 
